We test the effects of an approximate treatment of two-body contributions to the axial-vector current on the quasiparticle random-phase approximation (QRPA) matrix elements for neutrinoless double-beta decay in a range of isotopes. The form and strength of the two-body terms come from chiral effective-field theory. The two-body currents typically reduce the matrix elements by about 20%, not as much as in shell-model calculations. One reason for the difference is that standard practice in the QRPA is to adjust the strength of the isoscalar pairing interaction to reproduce two-neutrino double-beta decay lifetimes. Another may be the larger QRPA single-particle space. Whatever the reasons, the effects on neutrinoless decay are significantly less than those on two-neutrino decay, both in the shell model and the QRPA.
I. INTRODUCTION
The observation of neutrinoless double-beta (0νββ) decay would mean that neutrinos are Majorana particles. It would also tell us the overall neutrino mass scale if the nuclear matrix elements that help govern the decay could be calculated with sufficient accuracy. At present, the matrix elements from reasonable calculations differ from one another by up to factors of 3. The true uncertainty might be larger if there is physics that none of the calculations capture.
One familiar source of uncertainty is the way in which the axial-vector coupling constant is "renormalized in medium." The renormalization has several apparent sources, not all of which are directly connected to the weak interactions. Truncation of the many-nucleon Hilbert space, for instance, appears to reduce the matrix elements of spin operators, whether or not they stem from weak interactions [1] . But a separate source affects weak currents themselves: many-body operators that arise because nucleons are effective degrees of freedom. The many-body currents reduce matrix elements as well, though by amounts that are still in dispute [2] .
Here, we focus on two-body currents in a very particular framework: chiral effective field theory (χ EFT) in combination with the quasiparticle random-phase approximation (QRPA). We build on several published papers. References [3] and [4] extract coefficients of the χ EFT interaction, and Refs. [5] and [6] present the form of the χ EFT one-and twobody weak currents that follow. References [7] and [8] use an isospin-symmetric Fermi gas model to substitute approximate effective one-body current operators for the complicated twobody operators, and use the renormalized one-body current to correct shell-model calculations of double-beta decay (in a particular limit that we describe later) [7] and WIMP-nucleus * engelj@physics.unc.edu scattering (in more generality) [8] . We will use the effective one-body operators from both references to calculate doublebeta matrix elements in the QRPA.
There is some reason, before beginning, to believe that the effects of two-body currents will be smaller in the QRPA as usually applied than in the shell model. The correlations in the QRPA are simpler than in the shell-model and in recent years QRPA practitioners have compensated by fitting a parameter in the interaction-the strength of the isoscalar particle-particle interaction-to reproduce measured two-neutrino double-beta (2νββ) decay rates. Any change in the axial current operator is compensated to retain the correct 2νββ matrix element, and the compensation should carry over, in some measure at least, to 0νββ decay. We shall see below the degree to which that occurs.
The remainder of this paper is structured as follows: Section II describes the ingredients of our calculation, including the new two-body currents. Section III displays our results for 0νββ matrix elements in a wide range of isotopes. Section IV is a conclusion.
II. METHODS

A. One-and two-body currents
In χ EFT, interactions and currents for nucleon and pion degrees of freedom are expanded in powers of momentum transfer p divided by a breakdown scale χ ≈ 500 MeV. Following Ref. [7] , we equate O(p/m), where m is the nucleon mass, with O((p/ χ ) 2 ). The interactions and currents should be derived consistently, either through fitting or by matching onto the predictions of QCD. We will not use a χ EFT interaction, but can still do an approximately correct calculation by using χ EFT currents. Of course those currents will comprise operators for three, four, ... nucleons and there is no guarantee that the higher-order terms in the chiral expansion that generates these operators will be small in a many-body system. Truncating the expansion for the interaction at low order yields reasonable results, however (see, e.g., Ref. [9] ), and it is worth exploring a similar approximation in the currents.
In a nonrelativistic framework, one can write a general one-body current in the form
(
where an operator with subscript i acts only on the ith nucleon and τ + changes a neutron into a proton. To third order in the counting, the one-body charge-changing weak current operators can be written as [7] 
where
, and, to the same order in the chiral expansion,
with F π = 92.4 MeV, m π = 138.04 MeV, and g πpn = 13.05. In all these expressions p i and p i stand for −i∇ i acting on the left and right of the delta functions in Eq. (1) .
As mentioned in the introduction, we will use two separate approximations schemes for two-body currents, one presented in Ref. [7] for 0νββ matrix elements in the shell model and an improved version presented by the same group in a paper on spin-dependent WIMP-nucleus scattering [8] . The first approximation scheme neglects the difference between the momentum transfers to the two nucleons. We use it nonetheless because it is the only scheme applied so far to double-beta decay and we wish to compare our results with those of Ref. [7] . The two schemes will turn out to yield only minor differences. Occasional disparities between the Gamow-Teller matrix elements in the two formulations are largely compensated by disparities in the tensor matrix elements.
Both schemes involve an effective correction to the onebody current through the assumption that one of the two nucleons in the two-body current lies in a spin-and-isospin symmetric core. The resulting approximation is crude but probably reasonable. Reference [7] neglects tensor-like terms in the current, leading to a renormalization of g A but not g P . References [8] does a more complete calculation that leads to a separate renormalization of g P . Here we write explicitly only the effective current of [7] :
with
In these equations k F is the Fermi momentum and P is the center-of-mass momentum of the decaying nucleons, which can be set to zero without altering I (ρ,P ) significantly [7] . 
where P has been set to zero. The treatment of WIMP scattering in Ref. [8] is more complete and involves much longer expressions. We refer the reader there for details on the renormalization of both g P and g A .
B. Decay matrix elements
The two kinds of double-beta decay-2νββ and 0νββ-transfer very different amounts of (virtual) momentum among nucleons. Two-neutrino decay is simply two successive virtual beta decays, with very little momentum transfer. Its matrix element can be written with excellent accuracy as
where the |N are states in the intermediate nucleus with energy E N , and |I and |F are the initial and final nuclear ground states, with energies E I and E F . This matrix element and the neutrinoless version to follow differ from the unprimed M 2ν (and M 0ν ) used elsewhere in that g A is always set to g A (0) = 1.27 (and not to some effective value) in the phase 064308-2 space factor multiplying the matrix element, so that all effects of g A modification are in the matrix element itself.
Neutrinoless decay, in contrast to its two-neutrino counterpart, creates a virtual neutrino that typically carries 100-200 MeV of momentum. The expression for its matrix element involves an integral over all neutrino momenta:
where R is the nuclear radius, inserted to make the matrix element dimensionless. Details on the evaluation of this still rather abstract expression appear, e.g., in Refs. [10] and [11] . The important point is that the 0νββ matrix element depends on g eff A (p 2 ) (and in the formulation of Ref. [8] on g eff P (p 2 ) as well) because of the two current operators J μ † , defined just above Eq. (6), and the integral over momentum.
III. RESULTS
The values of the parameters c 3 , c 4 , and c D come from fits to data in systems with very few nucleons. They depend on details of the fitting procedure; for this reason Ref. [7] gives several sets of possible values. It also evaluates the effective one-body current for a range of Fermi-gas densities ρ (the gas represents the nuclear core) because the nuclear density, though roughly constant in the nuclear interior, is not exactly so. As a result, it finds a range of final shell-model 0νββ matrix elements, with the correct one probably somewhere within the range. Here we will use c parameters and densities at the extremes of the reasonable range to set probable upper and lower limits on the effects of two-body currents.
Tables I and II present the results of our calculations. The headings a, b, c, and d in these tables refer to various prescriptions for fixing the χ EFT parameters (see caption). The last column averages the quenching of the 0νββ matrix element over these entries, leading to a mean effect of about 20%, either with the parametrization of Ref. [7] or the more complete one in Ref. [8] . Figure 1 summarizes the same results, comparing M 0ν with one-body and one-plus-two-body currents for all the nuclei we consider.
The minimum quenching from the set of choices in Ref. [7] 
in a range 0.66-0.85 that brackets the empirical value of that ratio derived from the analysis of ordinary Gamow-Teller beta decay; see, e.g., Refs. [12] and [13] . Reference [14] points out that single-beta and two-neutrino double-beta decay observables can be described simultaneously in the QRPA with g eff A (0)/g A in that range, implying that two-body currents can completely account for the renormalization of g A . On the other hand, older mesonexchange models [1] suggest that the effects of many-body currents on allowed beta decay are small. The source of the disagreement between the strength of two body currents in χ EFT and exchange models is not completely clear to us.
The degree of quenching here is noteworthy for two additional reasons. First, the 0νββ quenching is much less than its 2νββ counterpart, which with the same currents is closer to 40% or 50%. Second, it is noticeably less then the quenching of 0νββ decay in the shell model, which from the figures in Ref. [7] , appears to be about 30%. There are several reasons for the first fact. As Ref. [7] shows, the degree of quenching decreases with increasing momentum transfer. An as we noted earlier, 2νββ decay involves almost no momentum transfer by the currents, while 0νββ decay involves momentum transfers that are typically 100-200 MeV TABLE I. The 0νββ matrix element M 0ν with one-and two-body nucleon current operators from the text and the Argonne V18 G-matrixbased QRPA. We use several sets of values for the χ EFT parameters and two nuclear densities, and both the simplest and more complete versions of the effective one-body current, from Refs. [7] and [8] respectively. M 0ν is the matrix element averaged over these possibilities; its variance is in parentheses. The columns labeled "a" through "d" correspond to different EFT-parameter choices (defined in Ref. [7] ) and nuclear-density choices. These choices are a: EGM+δc i , ρ = 0.10 fm −3 ; b: EGM+δc i , ρ = 0.12 fm −3 ; c: EM, ρ = 0.10 fm −3 ; d: EM, ρ = 0.12 fm −3 . The last column contains the percent suppression ε of M 0ν with respect to the value without two-body currents (displayed in the first column).
Parameters of Ref. [7] Parameters of Ref. and still contribute non-negligibly at several hundred MeV. In addition, the 0νββ matrix element contains a Fermi part, for which we have assumed no quenching. While this assumption may not be completely accurate, it is implied at low momentum transfer by conservation of the vector current (CVC). The overall quenching of the vector current is certain to be less than that of the axial-vector current. (In the results listed in  Tables I and II the Fermi matrix elements are smaller than in some other calculations because the isovector particle-particle interaction was adjusted as explained in Ref. [15] to reflect isospin symmetry). Why is the QRPA 0νββ quenching less than that in the shell model? Part of the reason, as we noted in the introduction, is that in the QRPA the strength of the isoscalar pairing interaction, which we call g T =0 pp , is adjusted to reproduce the measured 2νββ rate. The suppression of 2νββ decay by two-body currents implies that the value of g T =0 pp is smaller than it would be without those currents. The smaller g T =0 pp in turn implies less quenching for the 0νββ matrix element. pp . The requirement that we reproduce 2νββ decay thus means that the 0νββ matrix element is quenched noticeably less than it would otherwise be. pp , the strength of isoscalar pairing. The solid (red) line is the unquenched matrix element and the dashed (blue) line the matrix element with quenching caused by two-body currents, with the parametrization EGM+δc i from Ref. [7] . The dotted black line is the measured matrix element [16] [7] .
Another difference between the QRPA and the shell model is that the QRPA works in a much larger single-particle space (at the price of working with only a particular kind of correlation). This larger space presumably means larger contributions at high momentum transfer. Since the quenching decreases with momentum transfer, the contributions of the high-angular-momentum multipoles are less affected by the two-body currents than their low-angular-momentum counterparts. The large QRPA model space therefore makes the quenching of 0νββ decay less than it would be in a shell model calculation. To demonstrate that fact, we show in Fig. 3 the distribution in momentum transfer (normalized to 1) of the Gamow-Teller part of the 0ν matrix element for 136 Xe; the inset in Fig. 2 of Ref. [7] shows the same distribution. The shapes of our curve and that in Ref. [7] are visibly different and, indeed, the averages p and p 2 are 15 or 20 percent larger in QRPA than in the shell model, both for the unquenched and quenched variants.
IV. DISCUSSION
It is clear, in today's terminology, that some of the quenching of spin operators in nuclei is due to the use of restricted model spaces and some to many-body currents. Model-space truncation can exclude strength that may be pushed to high energies, and the omission of two-body currents leaves delta-hole excitations, among other things, unaccounted for. The question of which effect is more important is still open. If two-body currents are behind most of the quenching, as recent fits of the c parameters seem to suggest, then the spin operators in 2νββ decay (and ordinary beta decay as well) are very likely more quenched than those in 0νββ decay, and existing calculations of 0νββ decay that do not include quenching are at least roughly correct. We have seen that the quenching of 0νββ decay is mild in the QRPA, even a bit milder than in the shell model, and in sharp contrast to the severe quenching discussed, e.g., in Ref. [17] .
It is of course possible that, as older meson-exchange models suggest [1] , the effects of many-body currents are small at all momentum transfer. In that event the quenching of 0νββ decay would be unrelated to the two-body currents and could be similar in magnitude to the quenching of 2νββ decay, a state of affairs that would make 0νββ experiments less sensitive to a Majorana neutrino mass than we currently believe. A strong argument that this state of affairs is real, however, has yet to be presented. It seems likely to us that the quenching of 0νββ matrix elements is around the size indicated by the χ EFT plus QRPA analysis carried out here or the χ EFT plus shell-model analysis of Ref. [7] . 
